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Oxygen-diffusion limited metal combustions in Zr, Ti, and Fe foils:
Time- and angle-resolved x-ray diffraction studies
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The transient phase and chemical transformations of diffusion controlled metal combustions in
bulk Zr, Ti, and Fe foils have been investigated, in situ, using novel time- and angle-resolved x-ray
diffraction (TARXD). The TARXD employs monochromatic synchrotron x-rays and a fast-rotating
diffracted beam chopper resolving the diffraction image temporally in time-resolution of ~45 us
along the azimuth on a 2D pixel array detector. The metal foil strips (10-25 yum in thickness) are
ignited using a pulsed electrical heating with a typical heating rate of ~10°K/s. The x-ray results
indicate that the combustion occurs in molten metals, producing a wide range of stoichiometric
solid oxides. It reflects an enhanced oxygen solubility and mobility of molten metals with respect
to those of solid metals. However, the initial oxides formed are mainly oxygen-deficient metal
oxides of ZrO, TiO, and FeO/Fe;0, —the lowest suboxides stable at these high temperatures.
These transition metal monoxides further react with unreacted molten metals, yielding the
secondary products of Zr;0O, Ti;O, and Ti,O — but not in FeO/Fe;0,4. On the other hand, the
higher stoichiometric oxides of ZrO, and TiO, are formed in the later time only on the metal
surface. These results clearly indicate that the combustion process of metal strips is diffusion
limited and strongly depends on the solubility and diffusivity of oxygen into molten metals. The
time-resolved diffraction data reveals no evidence for metal oxidation in solids, but a series of
temperature-induced polymorphic phase transitions. The dynamic thermal expansibility of Fe
measured in the present fast heating experiments is similar to those in static conditions (3.3%10 /K
vs 3.5%10 /K for a-Fe and 6.5%10 /K versus 7.0¥10 /K for y-Fe). © 2012 American Institute of

Physics. [http://dx.doi.org/10.1063/1.3698318]

. INTRODUCTION

Transition metals with high oxygen affinities such as Zr,
Ti, and Fe can rapidly react with oxygen at high tempera-
tures, yielding a wide range of transition metal oxides. These
highly exothermic, self-fueling metal oxidation reactions (or
metal combustions) are complex and strongly depend on
microstructures, crystal structures, melting temperatures, and
oxygen diffusivities of metals and metal oxides. The pres-
ence of solid-solid or solid-liquid phase transitions, for
example, has a dramatic effect on the ignition process and
combustion kinetics, which can lead to a micro-explosion or
an interesting “spear point” formation of oxide products.’
Yet, a wide range of oxidation states viable in these transi-
tion metals can give rise to an array of different oxides
depending on temperatures and oxygen concentrations and,
thereby, greatly complicate the reaction pathways. Further-
more, the dynamic (or transient) nature of combustions may
result in the path-dependent phase and chemical changes and
quench metastable structures and secondary products. There-
fore, obtaining time-resolved structural data during metal
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ignitions and combustions are critical to understanding the
chemical mechanisms, energetics, and kinetics.

The most critical process governing metal combustions
in air is oxygen diffusion, which strongly depends on the
microstructure of metal surface. The presence of thin oxide
layers on the surface of small metal particles limits the diffu-
sion of oxygen molecules and thus the combustion in solid
metals. As a result, the combustion occurs typically from
molten phases of metals above the melting temperatures.>
In contrast, small oxygen-free metal particles (sub- to a few
um in diameter) freshly produced from metallic glass and
lamellae metal alloys with nm-scale microstructures can
ignite at relatively low temperatures (well below the melting
temperatures of metals) and burn nearly completely within
very short reaction time (<1 ms) to produce highly oxidized
products.* Because of large oxygen diffusion barrier of metal
oxides and high thermal conductivity of metals, the oxida-
tion reactions of larger metal particles (say 10—100 um) in
surrounding air are typically limited to a very thin layer (less
than a few yum) — forming huge gas diffusion and reaction
barriers and, thus, leaving a significant portion of large frag-
ments unreacted. The delicate balance among thermal (heat)
conduction, oxygen (mass) diffusion, and micro (surface)
structures is central to controlling chemical mechanisms,
energetics, and dynamics of metal combustions. This again
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underscores the significance of time-resolved thermal and
structural information over the relevant time (1 us to 1 ms)
and spatial (atomistic) scales.

The present phase and chemical analysis of metal com-
bustions are primarily based on the temperature profile,
phase diagram and postburn microprobe composition analy-
sis™® — not on the real-time structural information. This is
unfortunate considering the fact that synchrotron x-ray
diffraction is capable of probing structural changes in exo-
thermic solid/solid reactions including self-propagating
high-temperature reactions,””” intermetallic reactions of mul-
tilayer nanofoils,lo’11 and metathesis reactions.'>'? It is pre-
sumably due to a substantially faster time resolution (in us)
required for probing metal/gas reactions. Recently, we have
developed a relatively simple in situ time- and angle-
resolved x-ray diffraction (TARXD) technique to measure
the structural and chemical evolutions associated with
rapidly propagating intermetallic reactions in a us time-
resolution.'* In this study, we have applied this TARXD
along with the fast time-resolved temperature measurements,
probing real-time structural and chemical evolutions associ-
ated with oxygen-diffusion limited metal combustions in
bulk metallic foils of Zr, Ti, and Fe.

Il. EXPERIMENTAL METHODS

Metal foils (99.8% or better purity) of Zr and Ti (25 um in
thickness from Alfa Aesar) and Fe (10 um from Goodfellow)
were used for the samples. These metal foils were cut into
strips of about 0.15 mm wide and 2-3 mm long for combustion
and time-resolved x-ray diffraction experiments (as shown in
Fig. 1). The metal strip sample was placed on a nonconductive
ceramic substrate and anchored down with copper electrodes
at the both ends. The spacing between the two electrodes was
about 0.3-0.5mm. Along with the metal strip thickness and
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FIG. 1. The experimental setup of time-resolved synchrotron x-ray diffrac-
tion to probe the structural and chemical changes of thin metal foils in com-
bustion reaction initiated by electrical pulse heating. The setup utilizes an
intense monochromatic x-rays from the APS, a 2D pixel array x-ray detector
(PILATUS), and a custom-designed fast-rotating chopper. The lower left
images depict the microscopic views of the Zr sample configuration (left)
and during combustion (right).
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width, it defines an active combustion volume of about 0.5-2.0
times 10> mm?. The electrical resistance of metal strips was
in the range of 0.2-0.4 Q measured with a digital multimeter.
Underneath the metal strip, a small through-hole of 0.2 mm in
diameter was drilled for the incoming x-ray beam. A DC cur-
rent source (with a 5 A/6 'V capacity) was connected to the cop-
per electrodes. The circuit opening and closure were achieved
with an electrical relay switch. The electrical pulse from the
digital delay generator (SRS DG645) was used as a gate con-
trol signal to trigger the electrical relay and initiate metal com-
bustion. Upon pulsed electrical heating, the metal strip quickly
reacts with oxygen in air resulting in highly exothermic reac-
tions, emitting intense thermal radiations. The representative
snapshot of Zr combustion recorded on a high-speed camera
(Photron FastCam SA.1) is shown on the lower left in Fig. 1.
A digital phosphor oscilloscope (Tektronix DPO2000 with
100200 MHz bandwidth) was used to monitor the voltage
evolution of the reacting sample.

We used a 6-channel optical pyrometer to measure the
temperature evolution of metal strip in combustion, based on
the Planck’s law.'>'® The optical pyrometer was constructed,
for each channel, using a photomultiplier tube (Hamamatsu
H7732P-11 PMT with a rise time of 2.2 ns), a narrow spectral
band-pass filter (AA=10nm at FWHM in the range of
550-800 nm with an increment of 50 nm), and a set of neutral
density (ND) filters to adjust the incident light intensity within
the linear response of PMTs. The incident light was transmit-
ted through six optical fibers (each 0.2mm core diameter)
bundled in a hexagonal pattern at the probe side. The PMT sig-
nal was recorded onto two oscilloscopes (Tektronix DPO2000)
with 50 Q terminations, matching the cable impedance and
thereby avoiding signal distortions from reflections. Before
measurements, the entire pyrometer system, including PMTs,
fibers, filters and other optics used, was calibrated with a black-
body radiation source (BBRS, OL 480 from Optronic Labora-
tories). Time-resolved temperatures were obtained by fitting
the measured emission intensities at six discrete wavelengths
to a gray body radiation equation. The uncertainty of dynamic
temperatures measured by the present optical pyrometer varies
is in the range of 3—8%, primarily centered around 5%.

X-ray diffraction experiments were performed using
intense monochromatic (1 =0.8638 A) x-rays from the
16IDD/HPCAT beamline at the Advanced Photon Source
(APS). A 2D pixel array detector (PILATUS 100K) was
used to record the TARXD image, which had an active area
of 83.8 x 33.5 mm?® with 487 x 195 pixels (each pixel size
of 172 x 172 um?). A fast-rotating metal disk (150 mm in di-
ameter) with four orthogonal opening slots of 1.56 degrees
was used to chop the diffraction beam into different time
domains. In this configuration, a quarter of the chopper disk
covers the entire detector area. The chopper was placed in
front of the detector with a few millimeters spacing. The
incident beam was aligned to the center of the chopper disk
along the vertical center of the detector. As the disk rotates,
the slot sweeps across the entire detector active area clock-
wise along the Debye-Scherrer’s rings. As a result, small
portions of diffraction rings are recorded at different azimuth
angles on the detector at different time. Thus, the diffraction
beam 1is dispersed as a function of time, recording the
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FIG. 2. Time-resolved temperatures of Zr foil in combustion initiated by an
electrical pulse heating, plotted together with the trigger pulse (in blue) and
the voltage change (green) of the sample. For comparison, the melting tem-
peratures of Zr and ZrO, are indicated by horizontal dashed lines.

structural evolution of reacting samples. As the diffraction
arcs are recorded continuously, there is no down (or black-
out) time in the entire 2D TARXD image representing about
3ms long event — the critical initial stage in combustions.
The time-resolution is then determined by the chopper speed
and the slot width. We used a time-resolution of ~45 us in
this work. Utilizing the kinetic mode of the detector, multi-
ple frames can be recorded over several hundreds of ms with
a relatively small readout time of 3 ms between the frames.
This extended record time is important to probe the slow
chemical and structural changes occurring later times in
metal combustions. More detailed description of the time-
resolved x-ray diffraction can be found elsewhere.'*!”

lll. RESULTS
A. Zirconium combustion

Figure 2 illustrates the measured (in black) and smoothed
(red) time-resolved temperatures, as well as voltage (green)

~| (b) 0-3 ms

(d) 12-15 ms
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changes of Zr foil during an electric pulse heating (blue).
Because of the limited spectral response of PMTs in the
range of 185-850 nm, the lower temperature cut-off of the
present pyrometer is ~1100-1200 K. Based on the rising
slope of the measured time-resolved temperatures, Zr metal
combusts at the heating rate of ~1.5%10°K/s. Extrapolating
the heating rate to ambient temperature yields an induction
time of less than 0.1ms. The combustion temperature
reaches the maximum at ~3200 K (defined as the burst tem-
perature or Tg), which is consistent with the literature
values.'®° This burst temperature is higher than the melting
temperatures of both Zr (2128 K) and ZrO, (2983 K) indi-
cated by dashed lines in Fig. 2.

Figure 3 shows several TARXD images recorded at a
time-resolution of ~45 us, each representing 3 ms-long struc-
tural and chemical changes of a Zr foil during the combus-
tion process. Time runs clockwise. There is a 3 ms blackout
time between the images. The onset of the electrical pulse
heating is marked by “z,” with a straight line in Fig. 3(b).
The polymorphous transition from hcp a-Zr to bee f-Zr is
also marked with another straight line on the right. A small
segment of a white stripe along the radial direction of azi-
muth in Figs. 3(b)-3(e) represents the doubly exposed area
of the diffraction signal from the next incoming slot of the
chopper wheel, which is used to locate the onset time in the
images.

Figure 4 shows the “caked” TARXD images of Fig. 3,
plotting the Bragg 20 angle in the x-axis as a function of the
azimuth angle (time) in the y-axis. The caking process is per-
formed using the Fit2D software.”! Similarly, the onset of
the heating and the polymorphous transition of Zr are
marked by two straight lines in Fig. 4(b). The diffraction
lines are also indexed with short color bars on the top of
each image. By integrating the caked diffraction patterns for
an arbitrary time period (Af), we then obtain time-resolved
diffraction patterns of Zr combustion as shown in Fig. 5. The
crystal structures and lattice parameters (both measurements
and literature) of relevant Zr polymorphs and its oxides are
summarized in Table I.

FIG. 3. Static (a), (¢) and dynamic
(b)—(d) powder x-ray diffraction probing
the phase and chemical changes during
Zr combustion in air. These TARXD
images were obtained with time-
resolution of 45 us for each 3ms long
combustion periods. The yellow straight
lines in (b) signify the onset of the
pulsed heating (t;) and the a-to-f Zr
phase transition. The various oxides
formed at different stages of combustion
are indicated in (c)—(e).
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FIG. 4. The caked TARXD images of Fig. 3, as plotted in the Bragg angle 26 in the x-axis vs azimuth (or time) in the y-axis. The diffraction lines are marked
by short color bars at the top to characterize various phases. Also, see Fig. 5 for indexing.

The static pattern on the top in Fig. 5 represents the orig-
inal Zr in o phase (hcp) with the lattice parameters of
a=3.241A and c=5.139 A. At ~0.8-0.9 ms after the igni-
tion, a new set of sharp diffraction lines (indicated by dark
cyan) appears indicating the polymorphous transition of o-Zr
into bee f-Zr. Figure 2 also confirms that the corresponding
temperature (~1500-1700K) is above the phase transforma-
tion point (1136 K). The calculated lattice parameter of -Zr
is a=3.620A. This phase transition occurs within about
100-200 us, evidenced by co-existence of the two Zr phases
in Figs. 3(b) and 4(b). Subsequently, ff-Zr melts as the tem-
perature increases above the melting point, apparent from the
broad halo features in the measured x-ray diffraction patterns
of Figs. 3(b) and 3(c), 4(b) and 4(c) and 5 (the records from
2.5 to 15ms). As the temperature decreases after the peak
point, high-temperature ZrO in fcc with a =4.682 A emerges
as the first oxide product at about 6-9 ms, clearly from mol-
ten Zr (not solid). As the temperature continually decreases,
additional diffraction features appear at ~12-15ms, from

two other forms of Zr oxides, cubic ZrO, and trigonal
Zr;0. Based on the exponential dependence of temperature
on time, the temperature at 12—15ms is estimated to be
around 600-500K. Although the measured temperature
decreases well below the Zr melting temperature of 2128 K,
the halo feature at 69 and 12—-15ms is still apparent with
the intensity continually decreasing with time. Its presence
can be understood in terms of a large temperature gradient
in the foil along the x-ray propagation direction. Therefore,
the temperature inside the foil can be substantially higher
than the surface temperature that the optical pyrometer
measures. At substantially later time when the reaction
reaches the final state, residual Zr metals in « phase are also
observed, in addition to the three Zr oxides mentioned
above. The absence of high temperature intermediate phase
f-Zr during cooling is likely due to its short transition time,
which might have occurred during the readout time. The
measured lattice parameters are a=5.107 A for fcc ZrO,
and a=5.639A and ¢=31.407A for trigonal Zr;0, in
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FIG. 5. Time-resolved powder x-ray diffraction patterns of Zr metals in
combustion, obtained by integration of the caked TARXD images in Fig. 4
over a discrete time period noted in the figure. The simulated diffraction
peaks are superimposed as marked by vertical color lines. The indices of
each phase are also indicated.

good accordance with those reported in the literature (see
Table I).

Figure 6 shows a full-pattern Rietveld refinement (solid
red line) of the measured x-ray diffraction (dotted x) of final
combustion products, which yields the detailed chemical
composition as summarized in Table I. It shows that ZrO is
the primary product at 39.4% of all three Zr oxides. A siza-
ble amount of «-Zr metals (~33.7%) is also present, indicat-
ing an incomplete combustion of Zr foil.

B. Titanium combustion

Time-resolved temperatures measured during the com-
bustion of Ti foil are shown in Fig. 7. The measured combus-
tion rate is about 2.8%10° K/s, on the same order as that of Zr
foil. The burst temperature is around 2620 K, well above the
melting points of Ti (1941 K) and rutile-TiO, (2113 K). At
the moment of sample melting (around 1 ms), a sudden volt-
age jump to the open circuit state (6 V) is observed as shown
by the green line in Fig. 7. This is caused by the fracture of
the molten strip sample, also confirmed by the high-speed
camera images (the data not shown). The fracture is repro-
ducible for the combustion of Ti and Fe foils (see also Sec.
IIT C). This is unlike the voltage increase in Zr combustion
(see the record in Fig. 2 at ~2 ms), which does not exhibit a
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direct link to Zr and ZrO, melting points. The high-speed
camera images and post-combustion characterizations, for
example, indicate that Zr sample strips have undergone the
melting transition and severe mechanical deformation during
combustion. Nevertheless, the Zr and oxides strip remains
intact even at much higher temperatures than their melting
temperatures.

Figure 8 illustrates time-resolved diffraction patterns of
the measured TARXD image of Ti foil during combustion.
The observed polymorphic phase transitions and the oxidiza-
tion of molten Ti are analogous to those of Zr in combustion.
During the heating stage, hcp o-Ti (¢=2.953 A,
c=4.665 10%) transforms into bcc f-Ti (a:3.316/°\) at
~1155 K well below the melting temperature of Ti (1941 K).
The combustion is initiated from molten Ti, yielding initially
cubic y-TiO (fcc, a =4.209 /&) at about 12—15 ms, then, Ti,O
(trigonal, a=2.9745 A, ¢ =4.7305 A) and Ti;O phases (iri-
gonal, a=5.1375 A, ¢ =9.5524 A) at about 36-39 ms. Based
on the exponential temperature dependence on time, the tem-
perature is estimated to be 600-500 K. At substantially later
time, rutile-TiO, (tetragonal, a=4.5888 A, ¢=2.9558 A)
also forms in a small amount of ~7% (Table II). The final
products after combustion are a mixture of the aforemen-
tioned four oxides. Similar to Zr combustion, y-TiO is the
dominant oxide (~58%); however, different from Zr com-
bustion, no residual metallic Ti is observed. Again, the meas-
ured lattice parameters of all phases are in good agreement
with the values reported in the literature, as compared in
Table II.

C. Iron combustion

Figure 9 shows the time-resolved temperature evolution
of Fe foil during combustion. The heating rate is about
2.0%10° K/s, on the same order observed in Zr and Ti com-
bustions. The burst temperature is about 1870 K as mani-
fested by the spike occurring at about 0.97 ms on the dark
gray line in the figure. Based on the analysis of Planck’s law
fitting (The standard error is about 8%), it is believed that
this narrow spike is not noise or bad data but represents an
actual temperature. As shown in the left plot in Fig. 9, this
temperature is right beyond the melting points of metals Fe
(1811 K) and FeO (1650K), near that of Fe;O4 (1870K).
The fracture of molten Fe strip is also confirmed by the con-
current high-speed camera images (not shown). As in the Ti
combustion, the melt induced Fe fracture is further indicated
by the observed voltage jump across the sample at the same
time stamp (green line in Fig. 9).

Figure 10 depicts the time-resolved x-ray diffraction
obtained from the measured TARXD images of Fe foils in
combustion. During the initial heating stage, two phase tran-
sitions occur from o-Fe (bcc) to y-Fe (fcc) at 1185K and
then to 0-Fe (bcc) at 1667 K. The measured lattice parame-
ters are respectively, 2.868, 3.679, and 2.934 A for o, Y-,
and o-Fe, as summarized in Table III. Although we did not
observe an independent broad melt feature as in Zr and Ti
combustion from x-ray diffraction, a halo background cen-
tered around the (011) diffraction of J-Fe at 1.8-2.1 ms is
still clearly present, indicating that Fe has melted. This is
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TABLE I. Crystal structures and lattice parameters of Zr and its oxides formed in combustion.

Lattice parameters (A)

Phase Content (at. %) Lattice system Space group This work Literature PDF#

o-Zr (Static) 33.7 Hexagonal P6;3/mmc a=3.241 a=3.232
b=73.241 b=73.232 05-0665 Ref. 37
¢=5.139 c=5.147

B-Zr (0.8-0.9 ms) - Cubic Im-3m a=3.620 a=23.620
b=3.620 b=3.620 Ref. 37
¢=3.620 ¢=3.620

ZrO (6-9 ms) 39.4 Cubic Fm-3m a=4.682 a=4.620
b=4.682 b=4.620 20-0684 Ref. 37
c=4.682 c=4.620

Zr;0 (Final) 19.6 Trigonal R32 a=5.639 a=5.563
b=5.639 b=5.563 74-1272
c=31.407 ¢=31.185

71O, (Final) 7.3 Cubic Fm-3m a=5.107 a=5.129
b=5.107 b=5.129 81-1550
c=5.107 c=5.129

because Fe stays above the melting temperature only for a  IV. DISCUSSION

short period of time (~6 us, as indicated by the width of the
narrow spike in Fig. 9). The combustion occurs from molten
Fe to produce FeO and Fe;O,4 at 6-9ms (or even earlier),
corresponding to the temperature of 1650—-1550K near the
melting temperatures of Fe (1800K) and FeO (1650 K) (see
Fig. 9). During the cooling period at 24-27ms (or
1200-1150 K), unreacted Fe changes from high temperature
7 phase back to ambient « phase. Both FeO and Fe;0O,4 have
cubic structures with lattice parameters a=4.286A and
a=8391A, respectively (Table III). Unlike Ti combustion,
large amount of residual metallic Fe (87%) is observed, indi-
cating the partial oxidization. This result confirms that the
combustion occurs from molten Fe, which stays only for a
short period as aforementioned (Fig. 9). The relatively low
combustion temperature of iron (7= 1870K, for example)
with respect to those of Zr (3200 K) and Ti (2600 K) is con-
sistent with the relatively low heat of combustion of iron
(FeO, AHf0:—272.0 kJ/mol) with respect to those of Zr
(ZrO,, —1100.6 kJ/mol) and Ti (TiO, —519.7 kJ/mol).>>
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FIG. 6. A full-profile Rietveld refinement (in red) of the measured x-ray dif-
fraction pattern (in x symbols) from Zr combustion products, plotted to-
gether with the difference spectrum (in green). The colored tick marks
indicate the reflections of Zr and its oxides, as noted at the top of the figure.

A. Oxygen diffusion limited primary combustions
of metal strips

The time-resolved x-ray diffraction data in Figs. 5, 8,
and 10 clearly indicate the oxygen-diffusion limited combus-
tion processes of metal strips. This conclusion stems from (i)
combustion initiates only from molten metals. This is likely
due to higher solubility of oxygen in molten metals and
higher activation barrier for oxygen diffusion through solids.
(ii) The primary combustion products are transition metal
monoxides, rather than more thermodynamically favored
metal dioxides at high pressures and temperatures. Only a
small amount of metal dioxides are observed on the surface
at the later stage of the reaction. This indicates that the
mechanism of metal combustion is kinetically controlled
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FIG. 7. The temperature evolution of Ti foil in combustion initiated by elec-
trical pulse heating. The trigger pulse and the voltage change on the sample
are plotted in blue and green, respectively. The melting points of Ti and
TiO, (rutile) are indicated by dashed horizontal lines. A sudden voltage
jump is observed at the moment when the temperature exceeds Ti melting
point and the sample becomes fractured.



063528-7 Wei et al.

15 20 25 30 35 40 45
B

:
—o-Ti s

Static (RT)

g 0.8-1 ms
(1550-1900K)

002

;.\ —oTiOz —eoTiO 6-9 ms
S —eTi,0 —eTi,O (1500-1350K)
b /J‘_/\\/Www
% 12-15 ms
= (1250-1200K)

@004 @021

.808

L L o B S

15 20 25 30 35 40 45
2Theta (Degrees)

FIG. 8. Time- resolved powder x-ray diffraction patterns of Ti foil in com-
bustion in air. The simulated diffraction peaks are superimposed as marked
by vertical color lines. The indices of each phase are also indicated.

largely by oxygen diffusion. (iii) The combustion products at
interior in the later time exhibit even lower suboxides such
as Zr30 and TizO/Ti,0, indicating even a smaller degree of
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FIG. 9. Time-resolved temperatures of Fe foil in combustion, initiated by
electrical pulse heating. The left plots the close-up of the initial 1.1 ms pe-
riod of the right in the entire time period of the present combustion experi-
ment. The trigger pulse and the voltage change on the sample are shown in
blue and green, respectively. The melting points of Fe and related oxides are
indicated by dashed horizontal lines. At 0.975ms when the temperature is
beyond the Fe melting point, a sudden voltage jump is observed as a result
of sample fracture as in Ti combustion.

Note that the major combustion products of metal mon-
oxide (ZrO, TiO, and FeO) are the most oxygen deficient
oxides available at high temperatures near the melts.”® This
result is in sharp contrast to the previous combustion results
showing ZrO, and TiO, to be the major products precipitated
out from oxygen saturated (Zr, Ti)-O solutions.>**° In the
work of Kovalev et al.,25 the combustion process was exam-
ined in a relatively low time-resolution of about 0.1-1 s, pro-
viding substantially longer time for oxygen diffusion and
preferentially capturing relatively slow reaction products in
the later time of combustion. Molodetsky e al.,’ on the other
hand, found nonstoichiometric oxides in quenched Zr par-

oxygen diffusion in this cooling period. ticles in their microprobe chemical analysis of the
TABLE II. Crystal structures and lattice parameters of Ti and its oxides formed in combustion.
Lattice parameters (A)
Phase Content (at. %) Lattice system Space group This work Literature PDF#
o-Ti (Static) - Hexagonal P6;/mmce a=2.953 a=2.950
b=2953 b=2.950 Ref. 37
¢ =4.665 c=4.686
f-Ti (0.8-1 ms) - Cubic Im-3m a=3.316 a=3.3065
b=3.316 b=3.3065 Ref. 37
c=3.316 ¢=3.3065
7-TiO (Final) 58 Cubic Fm-3m a=4.209 a=4.177
b=4.209 b=4.177 Ref. 37
c=4.209 c=4.177
Ti50 (Final) 7.6 Trigonal P-31c a=5.1375 a=>5.1411
b=5.1375 b=5.1411 73-1583
¢=9.5524 ¢=9.5334
TiO (Final) 27.2 Trigonal P-3ml a=2.9745 a=2.9593
b=2.9745 b=2.9593 73-1582
c=4.7305 c=4.8454
TiO,-Rutile (Final) 7.2 Tetragonal P42/mnm a=4.5888 a=4.5937
b=4.5888 b=4.5937 87-0920
¢=2.9558 ¢=2.9581
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FIG. 10. Time-resolved x-ray diffraction patterns of Fe strip in combustion
in air. The simulated diffraction peaks are superimposed as marked by verti-
cal color lines. The indices of each phase are also indicated.

combustion products, but could not resolve the crystal struc-
tures. The ability to obtain the structural evidence for the fast
combustion products such as ZrO, TiO, and FeO, therefore,
signifies the utility of the present fast (us) time-resolved
powder x-ray diffraction in real-time investigation of rapid
combustion reactions.

Moreover, the kinetically (or diffusion) controlled com-
bustion process gives rise to multiple phases that are not
present in the equilibrium phase diagrams or under equilib-
rium conditions. These include metastable phases ZrO and
high temperature phases of cubic-ZrO, and y-TiO, quenched

J. Appl. Phys. 111, 063528 (2012)

at high cooling rates of 10°-10°K/s. Previous research
observed metastable ZrO on the surface of ZrC upon oxida-
tion at 1000 °C*” or during the heating of Zr metals in steam
with the presence of hydrogen or with oxides of Fe, Co, and
Ni.?® The ZrO produced was in a small amount and mixed
with other oxides because of its instability. In contrast, ZrO
is the dominant oxide in the present final combustion prod-
ucts and is the only crystallized phase from the molten Zr
metal at the initial stage of combustion. This indicates that
the high temperature, rapid heating and cooling, and limited
oxygen in combustion create favorable conditions for the
formation of ZrO, which may provide an alternative route
for the large scale synthesis.

B. Secondary interfacial reactions between metal
monoxides and metals

In parallel to oxygen diffusion continuously occurring
from the surface to the center of the metal foils through the
already formed oxide layers under the driving force of con-
centration gradient, the coexistence of multiple phases cre-
ates a series of interfacial boundaries and a variety of phase
transformation and reaction could occur simultaneously in
different regions and interfaces. These secondary reactions
are important to the entire combustion process because they
would alter the energy flowing pathway and reaction period
in the later stage and thus the combustion dynamics and
kinetics. At the outer surface layer in contact with the air,
monoxides react with oxygen to form the highest stoichio-
metric metal oxides such as ZrO, and TiO,. However, their
contents are relatively small in the final combustion products
(~7%, see Tables I).

At the inner interface between monoxides and unreacted
metals, their reaction leads to the formation of even lower
suboxides such as Zr30 and Tiz;O/Ti,0 (see Figs. 5 and 8) at
temperatures around 600-500 K, estimated based on the ex-
ponential extrapolation of the time-resolved temperatures in
Figs. 2 and 7. This is then consistent with their presence at
the low temperature regime as indicated in the phase

TABLE III. Crystal structures and lattice parameters of Fe and its oxides formed in combustion.

Lattice parameters (A)

Phase Content (at. %) Lattice system Space group This work Literature PDF#
o-Fe (Static) 87 Cubic Im-3m a=2.868 a=2.8664

b=2.868 b=2.8664

c=2.868 c=2.8664 87-0721
y-Fe (1.5-1.8 ms) - Cubic Fm-3m a=3.679 a=3.671

b=3.679 b=3.671

¢=3.679 c=3.671 Ref. 38
o-Fe (1.8-2.1 ms) - Cubic Im-3m a=2.934 a=2.933

b=2.934 b=2.933

c=2934 ¢c=2.933 Ref. 38
FeO (Final) 10.4 Cubic Fm-3m a=4.286 a=4.294

b=4.286 b=4.294

c=4.286 c=4.294 75-1550
Fe;0, (Final) 2.6 Cubic Fd-3m a=28.391 a=8.393

b=28.391 b=28.393

¢=8.391 ¢=8.393 85-1436
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diagrams.”>**2° The stoichiometric composition of Zr;O
and Ti,O represents the upper solubility limit of oxygen in
o-Zr and o-Ti, respectively.

It is known that oxygen atoms are diffused into the octa-
hedral interstitials of the hexagonally closed-packed o-Zr, o-
Ti layers (P63/mmc).>" High concentration gradients, high
oxygen permeability of cubic (Fm-3 m) ZrO/TiO,** and rela-
tively low Zr/Ti-O ionization energies™> facilitate the oxygen
diffusion through already formed solid ZrO/TiO layers, but
only slowly over 12 — 36 ms (see Figs. 5 or 8). At the bound-
ary, oxygen atoms of TiO diffuse into every other layers of
octahedral interstitials in o-Ti, giving rise to the trigonal
structure of Ti,O (P-3ml) with threefold coordinated Ti
atoms and sixfold coordinated O atoms. At the farther from
the boundary into the sample center, the oxygen content fur-
ther decreases. As a result, Ti is only coordinated with two O
atoms and the resulting compounds are Ti30 (P-31 ¢). Unlike
in o-Ti, oxygen atoms are partially filled in every layer of
octahedral interstices in «-Zr, resulting in Zr;O.

In contrast to Zr and Ti, we observed only FeO and
Fe;0,4 — the products stable in iron-rich end of the Fe-O, bi-
nary phase diagram — without other Fe oxides such as
Fe,05. Because of a small difference in the solidification
temperatures (1650 vs 1870 K), Fe;O, precipitates out nearly
simultaneously with FeO (see Fig. 10) at relatively high tem-
peratures above 1600K (see Fig. 9) in relatively early time
of combustion. As a result, FeO and Fe;O,4 form the primary
products, but only as the minor (13%) final products together
with the major unreacted iron (87%). The absence of the sec-
ondary products in the later time, on the other hand, indicates
the stronger Fe—O bonds and the smaller oxygen permeabil-
ity in solids FeO and Fe;0,, than those of ZrO and TiO. Hir-
ano et al. also found that the majority of the final oxides was
Fe;04 with only trace amount of Fe,O3 in their studies on
burning iron rods even in the high-pressure oxygen gas
environment.**

C. Dynamic thermal expansion of iron

The time-resolved structural data can provide the funda-
mental thermodynamic information such as the volume
expansivity of iron, as shown in Fig. 11. In order to collect
sufficient data points for analysis, we employ relatively low
current and long heating time in this experiment. The heating
rate is measured to be ~1.4%10° K/s, which is an order of
magnitude lower than the typical heating rate (~10°K/s)
mentioned during the combustion. There are three poly-
morphs of Fe at ambient pressure including o-Fe, y-Fe, and
o0-Fe. As calculated from Fig. 11, the volume expansion of
iron is measured to be about 3.3% for «-Fe and 2.2% for
y-Fe, which yields the thermal expansion coefficient as
defined by 1/V(AV/AT), of about 3.3*%10°/K for a-Fe and
6.5¥10°/K for y-Fe. These values compare similarly with
those measured under static conditions (3.5*10_5/K at 293K
and 7.0¥10°/K at 1500 K.*

Because the bcc structure is more open than the fcc (the
packing of 68% vs 74%), the specific volume contracts upon
the o — 7 transition and increases upon the y — ¢ transition.
These transitions accompany abrupt volume changes of
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FIG. 11. The specific volume expansion of Fe measured in the heating stage
of combustion and plotted as a function of heating time. The transition tem-
peratures are also noted in the figure for the -y and y-0 phase transitions.

about 1-1.5% under slow heating conditions.*® In this
regard, it is interesting to note that the volume discontinuity
is not apparent under the present fast heating conditions. The
absence of the volume discontinuity may be due to the fast
heating rate of ~10°K/s and the relatively slow structural
relaxation after the phase transition.

V. CONCLUSION

We have reported the structural and chemical changes
associated with metal combustion processes of three transi-
tion metal strips (Zr, Ti, and Fe), obtained using time-
resolved synchrotron x-ray diffraction and time-resolved
optical spectro-pyrometry. The results indicate that the
combustion occurs at the heating rates of ~10°K/s to the
peak temperatures well beyond the melting temperatures of
the metals or their oxides: Tg(Zr) =3200K, T(Ti) =2600K,
and Tg(Fe) = 1900 K. After undergoing a series of polymor-
phic phase transitions, the combustion reactions occur from
the molten metals to produce transition metal monoxides
(ZrO, TiO, and FeO) in the early stage of combustion, then
unusual suboxides (Zr;0 and TizO/Ti,O) in the later stage.
The metal dioxides (ZrO, and TiO,) are observed mainly on
the surface of the metal strips. These results clearly under-
score the oxygen-diffusion limited combustion reactions of
metal strips.

The present study highlights that a “simple” process like
Zr combustion is not simple at all, but involves rather com-
plex structural and chemical changes: o-Zr — f-Zr
— liquid-Zr — fcc-ZrO — trigonal-Zr30 + cubic-ZxO,.
Some of these processes occur exothermically, fueling other
secondary reactions and altering the dynamics of the com-
bustion reactions. These processes are barely the same as Zr
+ O, — ZrO,, what has been assumed in many commonly
used integrated chemical models and hydro-codes. There-
fore, obtaining the accurate information regarding these
dynamic structural and chemical changes is the priority for
going beyond an energetic use of metal combustions, to
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developing a predictive capability and, ultimately, control-
ling the reaction mechanisms, dynamics, and kinetics of
metal combustion processes.
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